Abstract. In this study a non-hydrostatic version of Penn State University (PSU) -National Center for Atmospheric Research (NCAR) mesoscale model is used to simulate the super cyclonic storm that crossed Orissa coast on 29 October 1999. The model is integrated up to 123 h for producing 5-day forecast of the storm. Several important fields including sea level pressure, horizontal wind and rainfall are compared with the verification analysis/observation to examine the performance of the model. The model simulated track of the cyclone is compared with the best-fit track obtained from India Meteorological Department (IMD) and the track obtained from NCEP/NCAR reanalysis. The model is found to perform reasonably well in simulating the track and in particular, the intensity of the storm.
Introduction
Tropical cyclones are one of the most devastating and deadliest meteorological phenomena. Strong winds, torrential rainfall and storm surges are the three major elements of tropical cyclone disasters. The Bay of Bengal is a potentially energetic region for the development of cyclonic storms (Gray, 1968) . At an average 3-4 cyclonic storms, 2-3 of severe intensity hit east coast of India in a year. The storms that hit east coast of India or Bangladesh during post-monsoon period are most devastating (De Angelis, 1976) . Casualty figures associated with such storms in recent past are 200,000 and 131,000 in Bangladesh in 1971 and 1991; 10,000 and 1,000 in 1977 and 1990 in Andhra Pradesh (India). Timely and reasonably accurate predictions of track and intensity of these storms are therefore of great importance.
Numerical Weather Prediction (NWP) models are now being widely used for prediction of tropical cyclones both in operational and research modes. Barotropic models developed at the beginning of NWP era are still in use in some of the tropical cyclone forecasting centers. Hurricane Research Division (HRD), USA model (De Maria et al., 1992) and Bureau of Meteorology Research Center (BMRC) Australia model (Holland et al., 1991) are the two recent models performing well Author for correspondence. E-mail: mohanty@cas.iitd.ernet.in in tropical cyclone forecast. With the availability of supercomputing facility, most of the leading NWP centers are using high-resolution regional and global models for prediction of tropical cyclones. Some of the recent baroclinic regional models in use for prediction of tropical cyclones are: Typhoon Model (TYM) for western North Pacific (Iwasaki et al., 1987) , Quasi-Lagrangian Model (QLM) for USA (Mathur, 1991) , BMRC Model for Australia (Puri et al., 1992) , Taiwan Model (Chen et al., 1995) and Geophysical Fluid Dynamics Laboratory (GFDL) model (Kurihara et al., 1993 (Kurihara et al., , 1995 . Recent developments towards improvement of global models have yielded improved tropical cyclone forecasts. Krishnamurti and Oosterhof (1989) reported systematic improvement in the formation and motion of the storms with increasing horizontal resolution of the model. The improvements in tropical cyclone life cycle and track forecast are summarized by Krishnamurti et al. (1993) .
In India, Mandal et al. (2003) showed systematic improvement in prediction of track and intensity of tropical cyclones with increasing horizontal resolution of a limited area model. Prasad (1990) and Prasad et al. (1992 Prasad et al. ( , 1997 , proposed a scheme for generating synthetic vortex in initializing a primitive equation limited area model for tropical cyclone forecast. Gupta et al. (1997) showed the impact of insertion of bogus vortex in the model analysis on the prediction of tropical storms over Indian seas.
The super cyclone that crossed Orissa coast on 29 October 1999 was the most intense tropical cyclone in the history of Orissa after the False Point cyclone of 1885. It was as intense as Bangladesh cyclone of 1977 that caused death of 200,000 people. In this study, PSU/NCAR mesoscale model (MM5) is used to simulate the storm with appropriate physical parameterization schemes. The model has already showed some skill in simulating hurricanes (Karyampudi et al., 1998) including some at high resolution (Liu et al., 1997 (Liu et al., , 1999 Braun and Tao, 2000) . The objective of the present study is to evaluate the performance of the model towards simulation of track and intensity of the super cyclonic storm.
After introduction, a short description of the model is given in Section 2. Synoptic features and experimental design with data used are described in Section 3. Results of the model simulation and analysis maps are presented in Section 4 and finally conclusions in Section 5.
Model Description
In this study a non-hydrostatic version of the MM5 modeling system developed at Pennsylvania State University (PSU)/National Center for Atmospheric Research (NCAR) by Anthes, Warner, Ying-Hwa, Kuo and their colleagues is used. MM5 is a primitive equation limited area model. It has both hydrostatic and non-hydrostatic versions. A terrain-following vertical co-ordinate system (sigma) is used with a specific presentation in the non-hydrostatic version. Instead of usual pressure, a reference-state pressure is used to define the sigma coordinate. A constant reference-state and a perturbation are defined as:
where p and T are pressure and temperature, and subscript zero and prime represent the reference-state and perturbation. The reference-state temperature profile is based on an idealized hydrostatic equilibrium and is specified by the equation:
where, p 00 is sea-level pressure taken to be 1,000 hPa, T s0 is the reference temperature at p 00 taken to be 299 K (varies within the range 280 K to 300 K with the season), and A is a measure of lapse rate taken to be 50 K, representing the temperature difference between p 00 and p 00 /e = 367.88 mb. The vertical coordinate is then defined as:
where p s and p t are surface pressure and pressure at the top of the model (10 Pa in this study) for the reference-state. The reference-state surface pressure, which depends only on the terrain height, can be derived from Equation (1) using the hydrostatic relation:
This equation is quadratic in p 0 and can be solved if Z, the terrain height is known. The reference pressure of the model sigma levels are then calculated as:
The main prognostic variables in the model are pressure perturbation p , three velocity components (u, v, w) , temperature T and specific humidity q. Model equations are written in flux form and solved numerically using Arakawa B grid. Leapfrog time integration scheme with time splitting technique is used in model integration. In time splitting technique, the slowly varying terms are integrated in time with longer time step and the terms giving rise to fast moving gravity waves are integrated with shorter time step.
The most useful feature of MM5 model is its flexibility in the sense that many options are user specified. The model can be used in various applications by simply Dudhia (1993) and Grell et al. (1995) . An overview of the model used in this study is provided in Table I .
Synoptic Features and Experimental Design
The initial vortex of the storm was formed over the gulf of Thailand at 00:00 UTC of 24 October 1999. Moving westward across Malaysian Peninsula, it emerged in north Andaman Sea as a well-marked low-pressure area at 00:00 UTC of 25 October. It intensified into a deep depression by 12:00 UTC of 25 October and located near 12.5
• N/98.0 • E. Moving in the west of northwesterly direction it intensified into a cyclonic storm by 00:00 UTC of 26 October and centered at 13.5
• N/96.5 • E. Thereafter it moved northwestward and intensified into a severe cyclonic storm by 03:00 UTC of 27 October. By 15:00 UTC of the same day, it intensified into a very severe cyclonic storm. Moving in the same direction it further intensified into super cyclonic storm by 18:00 UTC of 28 October and located near 19.3 • N/87.2 • E. Figure 1(a) shows the satellite picture of the storm at 09:00 UTC on 28 October obtained from METEOSAT. The storm crossed Orissa coast close to south of Paradip at 05:30 UTC of 29 October. Figure 1(b) shows the satellite picture of the storm at the time of landfall also obtained from METEOSAT.
The model described in Section 2 is used to simulate the super cyclonic storm. The NCEP/NCAR reanalysis dataset (2.5
• × 2.5
• horizontal resolution) interpolated to model grids is used as initial and boundary condition for model integration. Starting from 00:00 UTC of 26 October 1999, the model is integrated up to 123 h producing 5-day forecast of the storm. Figure 2a gives the sea level pressure (SLP) valid at initial time of model integration. Simple interpolation of coarse resolution data into higher resolution could not reproduce the small scale features already smoothed out in large-scale reanalysis and hence need to be enhanced through data assimilation. In this study, the model is integrated for 12 h with analysis nudging before the start of actual forecast. In analysis nudging the model simulation is nudged to an available analysis. In this technique, an extra forcing term (known as analysis-nudging term) is added to the dynamical equations of the model. The analysis-nudging term for a particular variable is proportional to the difference between its value in the model simulation and the analysis. Analysis nudging will allow the model to generate some small-scale features during the nudging period and also the input fields will be initialized. The initialized fields after 12 h analysis nudging is presented in Figure 3 . It shows the wind vector, temperature and specific humidity at 850 and 500 hPa. After 12 h analysis nudging (from 12 UTC 25th to 00 UTC 26th), the storm is located at 13.2
• N/96.8
• E (Figure 3a ) compared to 13.0
• N/87.5
• E (Figure 2a ) in the NCEP reanalysis valid for 00 UTC of 26th. This reduces the initial positional error of the storm as compared to the observation (best-fit). The initial vortex is also found to be little stronger in the initialized field than in the reanalysis. Temperature and humidity fields (after 12 h nudging) show some small-scale features that were not present in the reanalysis (figure not shown). Keeping in mind, the problem of initial vortex specification, the storm is simulated from the time it just intensified into a cyclonic storm so that the coarse resolution reanalysis (initialized with 12 h nudging) can represent the initial vortex reasonably.
Results and Discussions
As discussed in Section 3, the model is integrated up to 123 h starting from 00:00 UTC of 26 October to 03:00 UTC of 31 October 1999 (last 3 h is for verification of rainfall). Figure 2 presents the SLP at the initial time and day-1 to day-5 as extracted from NCEP/NCAR reanalysis. Figure 2a shows the storm to be centered at 12.5
• N/97.5
• E with central SLP of 1,006 hPa compared to 1,002 hPa in the observation. In next 72 h the storm moved almost in straight-line towards northwest. At 00:00 UTC of 29 October, it is centered at 19.5
• E with central SLP 1,004 hPa in comparison to estimated central SLP of 912 hPa. In the analysis, the storm is found to recurve at this point and first moved to the west of southwesterly direction and then further southward. The intensity of the storm is poorly represented in the reanalysis, which is attributed to its coarse resolution. The initial and subsequent positions of the storm are also found to be in error compared to the positions in the best-fit track. Initial positional error is 155.3 km. Figure 4a shows the storm to be centered at 13.8
• N/92.5
• E with central SLP exactly same as estimated (998 hPa). The best-fit track shows the storm to be located around 15.5
• N/93.0 • E. In day-2, simulated central SLP is 985 hPa compared to estimated central SLP of 986 hPa. The positions of the storm in model simulation and in best-fit track are 16.1
• N/89.8
• E (Figure 4b ) and 17.5
• N/90.0 • E respectively. This indicates that the intensity of the storm is predicted almost accurately in both day-1 and day-2. • N/87.0 • E. In first 24 h the movement of the storm is slow and in the direction to the west of the actual movement. In day-2 and day-3, the storm moved in the same direction as the best-fit but little slow. In day-4 and day-5, the storm is found to be more intense than in the observation with central SLP of 982 and 991 hPa respectively (Figure 4d and e) . This is probably due to delayed landfall simulated by the model compared to the observation.
PRECIPITATION
On day-1 and day-2, precipitation is confined mainly over the Ocean and could not be validated with observations. Figure 5 shows observed precipitation valid on day-3, day-4 and day-5. Figure 6 represents the model simulated 24 h accumulated precipitation valid on day-3 to day-5 (over the same domain as in Figure 5 ) with contour interval 2 cm. A close look at these figures show that the precipitation is reasonably well simulated by the model. On day-3, the model simulation (Figure 6a) shows precipitation of 3 cm and 2.5 cm at Balasore and Bhubaneshwar compared to 4.1 cm and 2.6 cm respectively in the observations (Figure 5a ). The magnitude of maximum precipitation (8 cm) is found to be same as in the observation. On day-4 and day-5 the model simulation shows very heavy precipitation over coastal Orissa. On day-4, maximum precipitation of 26 cm is simulated around 20.2
• N/86.4
• E (very close to the Bhubaneswar) compared to 42.6 cm in the observation at Bhubaneswar. The model simulates 25 cm of precipitation at Bhubaneshwar. The model simulation shows precipitation of 12 cm, 25 cm, 24 cm, 22 cm, 16 cm and 18 cm at Balasore, Chandbali, Jaipur, Cuttack, Puri and Udala compared to 19.5 cm, 24.8 cm, 19.8 cm, 25.5 cm, 18.1 cm and 31.5 cm respectively in the observations. It indicates that the precipitation is slightly under predicted at some locations on day-4. On day-5 maximum precipitation of 39 cm is simulated around 21.3
• N/86.6
• E compared to 36.3 cm observed around 20.7
• N/86.8
• E. The model simulation shows precipitation of 28 cm, 16 cm, 6 cm and 34 cm at Chandbali, Cuttack, Puri and Udala respectively. IMD recorded rainfall at these locations are 34 cm, 25.2 cm, 11.8 cm and 12.7 cm respectively. This shows that although the location of maximum precipitation is not matching exactly with observation (due to error in simulated position of the storm), the overall precipitation distribution is well simulated by the model. In the analysis maximum winds are of the same order of 30 knots in all 5 days whereas in model simulation, the wind is becoming stronger with increasing intensity of the storm. In day-1 and day-2 (Figure 7b and d), the wind is found to be stronger in the northeast sector of the storm. The verification analysis (Figure 7a and c) also shows the same feature. The verification analysis of day-3 and day-4 (Figures 7e and g ) shows stronger wind in the southern sector of the storm. This feature is also well simulated by the model. The strength of surface wind (Table II) is simulated reasonably well by the model except on day-3 and day-5. In day-3 the strength is under predicted whereas it is slightly over predicted on day-5. The over prediction on day-5 is due to delayed landfall compared to the observation.
TRACK
The track of the cyclone obtained from model simulation is compared with the track of obtained from NCEP/NCAR reanalysis and the best-fit track obtained from IMD. Figure 8 shows the track of the cyclone with locations of the storm in every 24 h. In the best-fit track the cyclone is found to be located at 13.5
• N/96.5
• E at 00:00 UTC of 26 October. It moved almost straight in the northwesterly direction and crossed the Orissa coast near Paradip at 05:30 UTC of 29 October. After landfall it continue to move in the same direction and located near 20.5
• N/86.0 • E at 00:00 UTC of 30 October. It remained stationary at that location till 00:00 UTC 31 October. The model-simulated track of the storm is almost parallel to the bestfit track on day-2, day-3 and day-4. On day-1, it moved slightly to the west of the northwesterly direction. On day-5, the storm moved further westward, it is due to error in the reanalysis, which shows the storm to move southwestward and further south. The vector displacement errors (Table III) in the simulation are always below 200 km except on day-5. It is to be mentioned here that the initial positional error (after 12 h analysis nudging) is 122 km compared to the observation. The track forecast can be further improved by improving the initial vortex specification.
Conclusions
In this paper, the results of numerical simulation of Orissa super cyclone using PSU/NCAR modeling system are presented. Some broad conclusions that can be drawn out of the obtained results are as follows.
The model could be able to predict the intensity of the storm almost accurately on day-1 and day-2. In day-3, the intensity is under predicted by the model but still showing a pressure drop of 45 hPa. This is reasonably good as far as simulation by numerical models are concerned. Intensity of the storm is over predicted in day-4 and day-5, it is probably due to delayed landfall that causes late dissipation of the storm.
The delayed landfall could be due to the initial positional error of the storm in the reanalysis and relatively slow movement of the storm particularly on day-2.
Precipitation distribution and magnitude is simulated reasonably well by the model.
The model could able to predict the track of the storm with fair degree of accuracy. The error in track forecast is almost of the order initial positional error in the analysis and could be improved further by reducing initial positional error in the specification of the storm.
